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doi:10.1016/j.jtcvs.2007.09.070Objective: Topical negative pressure therapy has excellent healing effects in postster-
notomy mediastinitis. Topical negative pressure therapy reduces bacterial counts, in-
creases wound edge microvascular blood flow and granulation tissue formation, and
facilitates healing. No study has yet been performed to examine the effect of topical
negative pressure on the blood and fluid content in the sternal bone marrow, which is
a crucial component in osteitis.
Methods: Eight pigs underwent median sternotomy, left internal thoracic artery
harvesting, followed by topical negative pressure treatment. Magnetic resonance im-
aging was used to quantify both tissue fluid and/or blood content (T2-weighted short
tau inversion recovery [T2-STIR]) and internal thoracic artery blood flow (flow quan-
tification).
Results: Before application of topical negative pressure, the T2-STIR signal intensity
ratio was lower for the left than for the right hemisternum (left, 1.3; right, 2.6), indi-
cating lower levels of tissue fluid content on the left, devascularized side. On applica-
tion of topical negative pressure, the T2-STIR signal intensity ratio increased
immediately for both the sternal bone and the pectoral muscle (left hemisternum after
4 minutes of topical negative pressure: 2.3), leveled off after 4 minutes, and remained
unchanged for the ensuing 40 minutes, suggesting movement of fluid and/or blood
into the tissue of the wound edge. Topical negative pressure did not affect blood
flow in the right internal thoracic artery.
Conclusions: T2-STIR measurements show that topical negative pressure increases
sternotomy wound edge tissue fluid and/or blood content. Topical negative pressure
creates a pressure gradient that presumably draws fluid from the surrounding tissue to
the sternal wound edge and into the vacuum source. This ‘‘endogenous drainage’’ may
be one possible mechanism by which osteitis is resolved by topical negative pressure
in poststernotomy mediastinitis.
D
eep sternal wound infection, also called mediastinitis, is a disastrous compli-
cation for patients undergoing cardiac surgery. The overall incidence of
poststernotomy mediastinitis is usually between 1% and 3%1-3 and is associ-
ated with a mortality, between 10% and 35%.1-6 The conventional treatment in post-
sternotomy mediastinitis is surgical revision, continuous irrigation with drainage,7 or
wound closure with vascularized soft tissue flaps, for example, greater omentum8 or
muscle flaps.9
Topical negative pressure (TNP) therapy is a recently introduced technique in
wound care, including poststernotomy mediastinitis.10 The beneficial effects of
TNP therapy of sternotomy wounds includes sternal stabilization,11 early mobiliza-
tion of the patient, lower rates of recurrent mediastinitis,12 shorter length of hospital
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ITA 5 internal thoracic artery
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ROI 5 region of interest
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stay,13 an improved 90-day survival, and an excellent long-
term survival.14,15 The mechanisms by which TNP facilitates
healing of wounds include continuous drainage of exudates,
reduction in bacterial counts, enhanced granulation tissue
formation, and increased microvascular blood flow to
adjacent soft tissue.16-19
In the sternotomy wound, osteitis is one of the major
complicating factors. No study has yet been performed to
examine the effect of TNP on the sternal bone. We hypothe-
sized that TNP has effects on the sternal bone fluid and/or
blood content, and these effects may be pivotal in accelerat-
ing the healing of poststernotomy mediastinitis. The aims of
the present study were therefore to investigate the effect of
TNP therapy on (1) sternal wound edge fluid content assessed
by T2-weighted short tau inversion recovery (STIR) mag-
netic resonance imaging (MRI) tissue characterization and
(2) blood flow in the internal thoracic artery (ITA) assessed
by MRI flow quantification.
Material and Methods
Animals
An uninfected porcine sternotomy wound model was used for the
present study. Eight domestic Landrace pigs of both sexes, with
a mean body weight of 50 kg, were fasted overnight with free access
to water. The study was approved by the Ethics Committee for
Animal Research, Lund, Lund University, Sweden. The investiga-
tion complied with the ‘‘Guide for the Care and Use of Laboratory
Animals’’ as recommended by the US National Institutes of Health
and published by the National Academic Press (1996).
Anesthesia and Surgical Procedure
Anesthesia was induced by an intramuscular injection of ketamine
(Ketaminol vet 100 mg/mL; Farmaceutici Gellini S.p.A, Aprilia,
Italy) 15 mg/kg body weight, in combination with xylazine
(Rompun vet; Bayer AG, Leverkusen, Germany) 2 mg/kg. Anesthe-
sia was maintained by continuous intravenous infusion of propofol
(0.1–0.2 mg/kg body weight per minute, Diprivan; AstraZeneca,
Molndal, Sweden) in combination with intermittent fentanyl (0.02
mg/kg body weight, Leptanal; Lilly, France) and atracurium besylate
(0.2–0.5 mg/kg body weight, Tracrium; Glaxo, Ta¨by, Sweden).
The pigs were surgically prepared for TNP therapy. The sternot-
omy was performed on the left side, lateral to the midline in the
upper part of the sternum, because of the prominent pectus carina-
tum of the pig sternum. Cutting the sternum on the left side of the1008 The Journal of Thoracic and Cardiovascular Surgery c Mmidline is the standard surgical procedure of our group when creat-
ing a porcine sternotomy wound. The left hemisternumwas elevated
and the left ITA was harvested as a pedicle and removed. The heart
was covered by four layers of paraffin gauze dressing (Jelonet;
Smith & Nephew, Hull, United Kingdom). A polyurethane foam
dressing was placed between the sternal edges, and two noncollaps-
ible drainage tubes were inserted into the foam. The open wound
was then sealed with a transparent adhesive drape. The drainage
tubes were connected to a purpose-built vacuum source (VAC
pump unit, KCI, Austin, Tex), which was set to deliver a continuous
pressure of 275, 2125 or 2175 mm Hg. For details, see Wacken-
fors and associates,19 where identical settings were used. The surgi-
cal procedure was performed approximately 3 hours before theMRI.
This is for logistic reasons, inasmuch as we cannot operate on the
animal in the MRI facility.
MRI
MRI was performed with a 1.5-T scanner (Philips Intera, Best, The
Netherlands).
MRI T2-STIR imaging. The amount of fluid in the wound edge
tissue was quantified as the MRI T2-STIR signal intensity ratio.
Increased T2-STIR signal is typically interpreted as a measure of
interstitial fluid as seen in edema or as the presence of fresh intravas-
cular blood. Thus, an increasing amount of fluid and/or blood in an
area would accordingly result in a higher T2-STIR signal intensity
ratio. T2-STIR imaging was undertaken in a transverse plane at
the midventricular level during end-expiratory apnea with a T2-
STIR sequence. Typical imaging parameters were as follows: elec-
trocardiogram triggering 5 no, acquired spatial resolution 5 0.73
0.7 3 15 mm, repetition time (TR) 5 368.6 ms, echo time (TE) 5
100.0 ms, SENSE (SENSitivity Encoding) factor 5 2, averages 5
4, spectral fat suppression 5 on. Images were acquired before
TNP and after 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16,
18, 20, 25, 30, 35, and 40 minutes of 2125 mm Hg TNP therapy,
respectively.
MRI flow imaging in the ITA. Blood flow was measured in the
right ITA and the effects of TNP were evaluated by MRI flow quan-
tification. MRI flow quantification involves data acquisition during
typically 15 consecutive heartbeats during end-expiratory breath
hold, yielding the instantaneous flow for 40 time points over one car-
diac cycle. This technique has high spatial and temporal resolution,
and blood flow can therefore be quantified with high accuracy.20
MRI was performed in a transverse plane at the midventricular level,
bisecting the artery. Image acquisition was undertaken during end-
expiratory apnea with a retrospectively electrocardiogram-triggered
turbo field echo phase contrast velocity encoded sequence. Typical
imaging parameters were as follows: acquired spatial resolution 5
0.83 0.83 10 mm, TR5 5.5 ms, TE5 3.8 ms, velocity encoding
gradient5 20 cm/s, SENSE factor5 2. Images were acquired twice
before application of TNP and after 30 seconds and 60 seconds of
application of 275, 2125, and 2175 mm Hg TNP, respectively.
Imaging for different pressures was performed according to a Latin
square scheme to minimize carryover effects. The average of the two
baseline acquisitions was taken as the baseline value.
Image Analysis
Quantification of the T2-STIR signal intensity ratio. Analysis
of tissue properties fromT2-STIR imageswas undertakenwith freely
available software (ImageJ version 1.36b, http://rsb.info.nih.gov/ij/).ay 2008
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PA manually placed irregular region of interest (ROI) was positioned
in the right and left medial sternal edge, right and left medial part of
the pectoral muscle, and in a dorsally located skeletal muscle as
a remote reference (Figure 1). ROIs were all between 10 and 15
mm2 and mean signal intensity within the ROI was quantified.
Mean signal intensity for 8 pigs for each time point was analyzed
for each side of both the sternum and pectoral muscle and expressed
as a signal intensity ratio in relation to remote muscle tissue.
MRI flow quantification in the ITA. Flow quantification was
undertaken with freely available software (Segment version 1.464,
http://segment.heiberg.se/). All flow was quantified as milliliters
per minute. Baseline flow was quantified as the mean of two mea-
surements and subsequent measurements were expressed as percent
of the baseline measurement (Figure 2).
Calculation and Statistics
The experiments were performed on 8 pigs. Statistical analysis was
performed by the Mann–Whitney test. Values are presented as
means 6 the standard error on the mean (SEM).
Results
T2-STIR Signal Intensity Ratio Before
TNP Application
Before application of TNP at 2125 mm Hg, the T2-STIR
signal intensity ratio was similar for the right and left pectoral
muscles (right, 1.16 0.1; left, 0.96 0.1; P5.27; Figure 3).
For the sternum, a higher T2-STIR signal intensity ratio
could be observed on the right side, where the vasculature
was intact, compared with the left side, which had been
devascularized (right, 2.6 6 0.2; left, 1.3 6 0.1; P 5
.0003; Figure 3). This indicates a higher level of tissue
fluid/blood content on the right side.The Journal of ThoraT2-STIR Signal Intensity Ratio Changes on
TNP Application
TNP application at 2125 mm Hg elicited an immediate in-
crease in the T2-STIR signal intensity ratio for the sternal
bone. This increase was more pronounced in the left hemi-
sternum (before TNP, 1.3 6 0.1; after 4 minutes of TNP,
2.3 6 0.3; P 5 .002), which had been devascularized, than
in the right hemisternum (before TNP, 2.66 0.2; after 4 min-
utes of TNP, 2.76 0.3; P5 .96), where the vasculature was
intact (Figure 4).
For the pectoral muscle, there was an increase in T2-STIR
signal intensity ratio on application of TNP at 2125 mm Hg
that was similar on the right and left sides (Figure 4), al-
though the left side did not reach statistical significance (right
before TNP, 1.1 6 0.1, and after 4 minutes of TNP, 1.4 6
0.1; P 5 .049; left before, 0.9 6 0.1, and after 4 minutes
of TNP, 1.2 6 0.2; P 5 .195).
For all wound edge tissues studied, the increase in T2-
STIR signal intensity ratio appeared immediately, leveled
off after 4 minutes, and then remained unchanged for the
ensuing 40 minutes (Figure 4).
A control experiment was performed, in which T2-STIR
signal intensity was examined in the right and left pectoral
muscles and sternum, over a period of 40 minutes, without
prior TNP application. The results showed unaltered signal
intensity ratios over time, suggesting that the increase in
wound edge tissue fluid content is due to TNP application.
ITA Blood Flow
The blood flow in the right ITA was similar before and after
application of TNP at275,2125, and2175 mm Hg (beforeFigure 1. The left image show a trans-
verse T2-STIR MRI through the thorax
of a pig with an open sternotomy
wound. The right images show an
enlargement of the two insets, which
illustrate the position of the regions of
interest used to measure the signal
intensity in the pectoral muscle (P),
sternal wound edge (S), and remote
skeletal muscle (R). The ITA has been
harvested on the left side while being
intact on the right side. Note the hyper-
intense signal in the right sternal
wound edge compared with the left.cic and Cardiovascular Surgery c Volume 135, Number 5 1009
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blood flow using MRI. A, Image in
a transverse plane. B, Enlargement of
the inset in panel A, showing a cross
section of the right ITA at peak systolic
flow (arrow). C, Simultaneously ac-
quired velocity data for tissue moving
through the image plane according to
the gray scale to the right, ranging
from 220 to120 cm/s. Bright signal in-
tensities correspond to velocity into the
image plane and dark signal intensities
correspond to velocity in the opposite
direction. The cross section of the
artery was delineated for all 40 time
frames throughout the cardiac cycle,
whereby the average flow at each
time point could be quantified (D).TNP: 37 6 10 mL/min; after 1 minute of TNP at 2125 mm
Hg: 36 6 12 mL/min; P 5 1.0; Figure 5).
Discussion
TNP has remarkable effects on the healing of poststernotomy
mediastinitis.10 A number of studies have examined the
mechanisms involved in the TNP healing effects, mainly in
peripheral wounds, and have shown reduced bacterial counts,
increased wound edge microvascular blood flow, and
granulation tissue formation.16-19 In poststernotomy media-
stinitis, osteitis is a complicating factor. This is the first study1010 The Journal of Thoracic and Cardiovascular Surgery c Mto examine effects of TNP on the fluid and/or blood content in
the sternal bone. The current study has usedMRI to show that
TNP increases sternotomy wound edge tissue fluid and/or
blood content but does not affect ITA blood flow.
T2-STIR Signal Intensity Ratio Before
TNP Application
Before the application of TNP, a lower T2-STIR signal inten-
sity ratio could be observed for the left than for the right hem-
isternum, indicating lower levels of fluid on the left side. This
may possibly be due to the left sternal wound edge beingay 2008
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Pdevascularized. Most conspicuously, this would be due to the
ITA being harvested on the left side. However, in a control
experiment, in which both the right and left ITAs were intact,
there was no obvious difference in the T2-STIR signal
Figure 3. Mean T2-STIR signal intensity ratios on both sides of
a sternotomy wound before the application of negative pressure
(n 5 8 pigs). On the right side, the ITA was intact while (right, in-
tact) on the left side it had been removed (left, devascularized). A,
Transverse T2 STIR MRI through the sternum (white arrows) and
the pectoral muscle (gray arrows). The signal intensity was mea-
sured in the sternum and pectoral muscle on the right and left
sides, expressed as a ratio to the remote skeletal muscle as
shown in Figure 1. The results are presented in panel B. Note
the low signal intensity in the sternum on the left side, where
the ITA had been removed. Error bars denote SEM. ***denotes
P < .001 and n.s. denotes P > .05.The Journal of Thoraintensity ratio between the right and left hemisternums
(data not shown). Except for the left ITA harvesting, the
left hemisternum was devascularized by cutting the perforat-
ing arteries from the pectoral muscle on the left side. This was
due to performing the sternotomy ‘‘left-sided,’’ lateral to the
midline in the upper part of the sternum, because of the prom-
inent pectus carinatum in the pig sternum. Cutting the ster-
num on the left side of the midline is the standard surgical
procedure when we create a porcine sternotomy wound. In
conclusion, the lower observed T2-STIR signal intensity ra-
tio for the left side is presumably due to lower amounts of
blood in the wound edge tissue that is devascularized. The
present study is not entirely conclusive regarding which of
the sternal vascular collateral systems is of most importance.
T2-STIR Signal Intensity Ratio Change on
TNP Application
Application of negative pressure induced an immediate
increase in the T2-STIR signal intensity ratio for the wound
edge tissue. The increase in T2-STIR signal intensity ratio
was more pronounced for the left hemisternum than for the
right hemisternum. The reason for this difference may be
the initial high levels of fluid on the right side. On the one
hand, a tissue that already has a substantial fluid content
may not have the potential to harbor even greater amounts.
On the other hand, a tissue that initially has a lesser amount
of fluid retains the potential to increase the amount of fluid.
Mechanisms Governing the T2-STIR Signal Intensity
Ratio Increase on TNP Application
The mechanism by which the wound edge fluid content is
increased can only be speculated on. An increased T2-
STIR signal is commonly interpreted as edema, although
blood also has a high signal intensity, and an increased
amount of blood in an area will thereby result in a higher
T2-STIR signal intensity ratio. TNP therapy is known to
cause an immediate increase in wound edge microvascular
blood flow. The blood flow to wounds on the backs of pigs
was shown to increase four times above the baseline values
when 2125 mm Hg was applied.17 In a recent study, the cu-
taneous blood flow in healthy intact forearm skin was foundFigure 4. Mean T2-STIR signal intensity ratios
before and during the application of negative
pressure (2125 mm Hg) (n5 8 pigs). Signal inten-
sities were measured as described in Figure 1.
The signal intensity ratio was calculated for right
sternum/remote, left sternum/remote, right mus-
cle/remote, and left muscle/remote. Note the ini-
tial pronounced increase in signal intensity in
the left sternum, indicating an increase in tissue
fluid content on TNP application. Error bars de-
note SEM.cic and Cardiovascular Surgery c Volume 135, Number 5 1011
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we19 recently showed increased blood flow in the pig sternot-
omy wound edge by TNP therapy. The blood flow effects of
TNP for longer periods of time have been studied by Chen
and associates,22 where wounds were created by the removal
of full-thickness skin on the back of rabbit ears. Blood flow
velocity in the capillaries was found to increase immediately
after application of negative pressure. After 4 minutes, there
was a peak in blood flow velocity and it remained at a high
level even after 20 minutes.22 Our findings are in accordance
with these results and show an immediate increase in T2-
STIR signal intensity ratio, which leveled off after 4 minutes
and then remained unchanged for the ensuing 40 minutes.
TNP induces mechanical stress, and a pressure gradient be-
tween the wound and the surrounding tissue may force blood
to the wound, increase blood flow velocity, dilate capillaries,
and open up the capillary bed.22,23 Blood is thereby recruited
to the wound edge tissue during TNP therapy and may result
in increased T2-STIR signal intensity ratio.
There are two reasons why we draw the conclusion that
the increase in wound edge tissue fluid content is due to
TNP application and not an unspecific effect resulting from
the sternotomy and subsequent edema and necrosis that
may have developed over time in the ischemic sternal wound
edge tissue. First, in a control experiment, without TNP ap-
plication, the wound edge tissue fluid contents were constant
over a period of 40 minutes. Second, for logistic reasons, the
Figure 5. Blood flow in the right ITA after application of negative
pressure measured by MRI flow quantification as shown in Fig-
ure 2 (n 5 8 pigs). Measurements were performed before (base-
line) and 30 and 60 seconds after application of negative
pressure. The results were calculated as percent change com-
pared with baseline and are expressed as mean values 6 SEM.
The results suggest that the ITA blood flow is not altered by the
application of topical negative pressure. n.s. denotes P > .05.1012 The Journal of Thoracic and Cardiovascular Surgery c Msternotomy was performed approximately 3 hours before the
MRI was started (seeMethods). We therefore assume that the
surgery-induced edema would have reached a steady state
level, or occur at a very slow rate, once the MRI was started.
TNP Effects on Blood Flow in the ITA
A number of studies have been undertaken to examine the
microvascular blood flow to the wound edge, and it has
been assumed that the blood flow–stimulating effects are
induced via the opening of capillary beds. No study has yet
been performed to examine whether TNP also increases
blood flow in conductance arteries. We used MRI flow quan-
tification to measure blood flow in the ITA during TNP ther-
apy. MRI is the in vivo reference standard24 for assessment of
flow in blood vessels based on the excellent accuracy and low
variability of the measurements.25,26 Blood flow in the right
ITA was similar before and after the application of 275,
2125, and 2175 mm Hg. The ITA is located 2 to 3 cm
from the sternotomy wound edge that is exposed to the neg-
ative pressure. Laser Doppler studies have proven that this
distance from the wound edge is where TNP exerts its max-
imal stimulatory effect on the microvasculature.19 However,
our results indicate that we do not have a direct effect on
conductance arteries, such as the ITA, at this distance from
the vacuum source. The observed increase in T2-STIR signal
intensity ratios likely reflects fluid and blood that may be
derived from vascular beds other than the ITA. Furthermore,
TNP creates a pressure gradient that presumably draws fluid
from the surrounding bone marrow to the marrow near the
sternal wound edge and into the vacuum source.
Limitations of the Study
One limitation of the present study was that the experiments
were performed in a noninfected sternotomy wound model.
Indeed, the indication for TNP in cardiac surgery is mediasti-
nitis. TNP therapy has been shown to be advantageous in
infected or nonhealing chronic wounds, but not in acutely
injured wounds.27 Themicrovascular tissue perfusion is often
reduced in an infected wound, leading to decreased nutrition
of the wound margins. TNP therapy is known to improve mi-
crovascular blood flow to the wound edge,19 an observation
that is supported by the present study. The effects of TNP ther-
apy can only be speculated about, but may be even more
pronounced in an infected wound than in this experimental
setup employing a noninfected acute sternotomy wound
Conclusions
TNP causes an immediate increase in the T2-STIR signal
intensity ratio for the wound edge, suggesting increased
amounts of fluid and/or blood in the tissue. Blood flow in
the right ITA was not affected by TNP, indicating no direct
effect on conductance arteries, in this case the ITA. The
observed increase in T2-STIR signal intensity ratios for the
wound edge tissues on TNP application is presumably relateday 2008
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Pto increased microvascular blood flow, as previously seen in
laser Doppler studies,17,19,28 or fluid drawn to the sternal edge
from the surrounding bone marrow. Blood and fluid are prob-
ably derived from vascular beds other than the ITA. Thus,
TNP creates a pressure gradient between the wound edge
tissue and the vacuum source. This effect probably moves
fluid from the surrounding tissue to the sternal wound edge
and into the vacuum source. This ‘‘endogenous drainage’’
may be one possible mechanism by which osteitis is resolved
by TNP in poststernotomy mediastinitis.
We thank Thomas Krabatsch, MD, PhD, and Christof Stamm,
MD, PhD, at the Deutsches Herzzentrum Berlin, Berlin, Germany,
for their valuable comments.
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